A relativistic electron beam propagating in a plasma cylinder excites a surface plasma wave ͑SPW͒ via the Cerenkov interaction. The wave frequency decreases with beam velocity. The growth rate, however, initially increases with frequency , attains a maximum, and then falls off due to the localization of the SPW near the surface. For typical parameters, maximum growth occurs at / P Ϸ 0.36, where P is the plasma frequency. With the increase in the radius of the thin plasma cylinder, the optimum growth rate increases in magnitude. The annular beam propagating outside the plasma cylinder excites the SPW with larger growth rate for the same beam current and the beam radius r b = 1.02a, where a is the radius of the thin plasma cylinder.
I. INTRODUCTION
Surface plasma wave 1 ͑SPW͒ has emerged as a major player in laser ablation of materials, 2 high sensitivity sensors, 3 and rapidly emerging field of metamaterials. [4] [5] [6] Bliokh et al. 7 have recently observed nearly 100% reduction in microwave reflectivity from an overdense plasma when a thin metal grating facilitated mode conversion of the microwave into a surface plasma wave over the metal-free space interface. Stokes and Vo-Dinh 8 have employed surface plasmons as the key element of a fiber optic surface enhanced Raman scattering 9,10 ͑SERS͒ sensor. Liu et al. 11 have developed a theoretical framework for it. Welsh et al. 12 have recently employed large amplitude SPW pulses for terahertz radiation generation via field emission of electrons. Irvine et al. [13] [14] [15] [16] have succeeded in producing energetic electrons by surface plasma waves. Surface plasma waves are being explored for their potential in subwavelength optics, magnetooptic data storage, microscopy, and solar cells. [17] [18] [19] [20] The surface plasma waves may onset nonlinear effects, such as, parametric instabilities. Macchi et al. 21 studied the parametric excitation of electron surface wave in the interaction of intense laser pulse with an overdense plasma. Lee 25 first reported the experimental observations of surface plasma waves using a cylindrical plasma column enclosed in a glass tube that was coaxial with a circular metallic waveguide.
The reverse process of SPW excitation by electron beams has also attracted considerable attention. Liu and Tripathi 26 have studied the SPW excitation over a planar metal surface by an electron beam propagating in free space, in close proximity of the metal. Denton et al. 27 have studied the process of SPW excitation over a metal surface by charged particles. The SPW excitation by charged particle on the metal vacuum interface can provide important information on the structure of the energy spectrum of the electron Fermi fluid in metals.
In this paper, we study the excitation of surface plasma wave over a thin plasma cylinder by a relativistic electron beam via Cerenkov interaction. An electron beam of velocity v 0b and density n 0b is launched into the plasma of density n P . For a thin plasma cylinder, the SPW field extends to the axial region and strong coupling with the beam occurs. In Sec. II, we obtain mode structure of a surface plasma wave over a plasma cylinder. In Sec. III, we study the growth of the surface plasma wave by solid electron beam. In Sec. IV, we study the excitation of the SPW by an annular electron beam and study its growth rate. In Sec. V, we discuss our results.
II. SURFACE PLASMA WAVE PROPAGATION
Consider a plasma cylinder of radius a and permittivity ͑cf. Fig. 1͒ . A relativistic electron beam of density n 0b and velocity v 0b ẑ is launched into the plasma. We perturb this equilibrium by a surface plasma wave perturbation with t − z variation as exp͓−i͑t − k z z͔͒. In the absence of the beam, the r variation of the axial field, E z , is governed by the wave equation
͑1͒
where Ј = =1− P 2 / 2 for r Ͻ a and Ј = 1 for r Ͼ a, and P is the plasma frequency of the plasma cylinder. The well behaved solution of Eq. ͑1͒ in conjunction with ٌ · E ជ =0 in plasma and free space regions is
where
Applying the continuity of E z and ЈE r at r = a,
͑4͒
From Eqs. ͑3͒ and ͑4͒, we get the SPW dispersion relation,
͑5͒
We have plotted normalized frequency / P as a function of normalized wave number k z c / P in Fig. 2 for different values of normalized radius of the plasma cylinder, a P / c. The frequency of the SPW initially increases monotonically with wave number and then saturates. An increase in plasma radius results in increased phase velocity. In Fig. 3 we have plotted ␣ I a as a function of / P . This quantity characterizes the extent of localization of the SPW near the cylinder surface. ␣ I a increases with / P , i.e., the SPW of higher frequency is more strongly localized near the plasma surface. In the limit, a P / c 1 the dispersion relation reduces to k z = ͑ / c͓͒ / ͑1+͔͒ 1/2 .
III. SPW EXCITATION BY A SOLID BEAM
Now we incorporate the role of the electron beam. We consider a solid beam propagating inside the plasma with velocity v 0b ẑ and density n 0b . The beam acquires an oscillatory velocity due to the SPW. The governing equation is
is the relativistic gamma factor, −e and m are the electronic charge and mass, and the magnetic field of the wave is
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From the equation of continuity ‫ץ‬n / ‫ץ‬t + ٌ · ͑nv ជ͒ = 0, one obtains the perturbed electron density associated with the beam,
The perturbed current density can be written as
͑10͒
Here we have retained only those terms that go as
We define E ជ S and H ជ S as the mode structures of the SPW field in the absence of the beam, satisfying the Maxwell's equations
with appropriate boundary conditions at the interface. E ជ S in fact is given by Eq. ͑2͒ with ͑say͒ A 1 = 1. In the presence of beam current, let the fields be
E ជ and H ជ satisfy the Maxwell's equations
Using Eqs. ͑11͒ and ͑12͒ in Eq. ͑13͒, we obtain
Solving Eqs. ͑14͒ and ͑15͒, assuming ‫ץ‬B / ‫ץ‬t Ϸ ‫ץ‬A / ‫ץ‬t, we obtain
Taking the dot product of Eq. ͑16͒ by E ជ S * rdr and integrating over r from 0 to ϱ, we obtain
where I 0b = n 0b ev 0b a 2 is the beam current. Writing = k z v b + ␦, ‫ץ‬A / ‫ץ‬t =−i␦, we obtain ␦ 3 = Pe i2l , l = 0,1,2. ͑18͒
gives the growth rate
In Fig. 4 , we have plotted the variation of normalized growth rate with normalized frequency / P for n 0b =10 10 cm −3 , P = 1.8ϫ 10 12 rad/ s, a P / c = 1.8, 2.4, 3. The growth rate initially increases with frequency, attains a maximum at = opt and then decreases. Initially, with the in- 
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crease in frequency, ␣ I a fairly remains constant ͑Fig. 3͒ and the overall growth rate increases. However at higher frequencies, ␣ I a increases sharply, resulting in the SPW to be more strongly localized near the plasma surface. Consequently fewer beam electrons can interact with it and the growth rate is weaker. With the increase in the radius of the plasma, the maximum growth rate increases.
In Fig. 5 , we have plotted the normalized wave frequency / P as a function of normalized beam velocity v 0b / c, using Eq. ͑5͒ in conjunction with / k z = v 0b . The wave frequency decreases with beam velocity depending upon the radius of plasma cylinder. With the increase in the radius of the plasma, the SPW frequency is higher.
IV. SPW EXCITATION BY AN ANNULAR BEAM OUTSIDE THE CYLINDER
In case the plasma cylinder is small one may employ an annular electron beam propagating outside the cylinder with velocity v 0b ẑ and density n 0b = ͑I 0b / ͑2r b ev 0b ͒͒␦͑r − r b ͒, where r b is the beam radius, I 0b is the beam current. In the presence of SPW, the beam acquires oscillatory velocity and density given by Eqs. ͑6͒ and ͑9͒. Solving for oscillatory velocity and electron density, one may obtain current density as discussed in the previous section. The corresponding growth rate for the SPW is given by
We have plotted in Fig. 6 , the growth rate as a function of normalized frequency / P of the SPW for a P / c = 1.8, I 0b = 0.03A, r b = 1.02a. In this case also, the growth rate follows the same behavior, however, it turns out to be roughly three times higher than that of SPW excitation by solid beam for the same beam current. However at higher frequencies, ␣ I a increases rapidly, resulting in the SPW to be more strongly localized over a very narrow layer, and the growth rate decreases. The maximum growth rate in the case turns out to be 3.66ϫ 10 10 s −1 at frequency / P = 0.39. The annular beam turns out to be more efficient in exciting SPW than the solid beam propagating inside the plasma cylinder for the same beam current. In the slab limit, growth rate follows the same behavior. Liu and Tripathi 26 have studied the growth rate for the SPW over the metal free space interface for this case.
V. DISCUSSION
A relativistic electron beam excites a surface plasma wave over a plasma cylinder via the Cerenkov interaction. The Cerenkov interaction occurs when the velocity of the electron beam becomes equal to the phase velocity of the surface plasma wave. The frequency of the surface plasma wave initially increases monotonically with the wave number and then saturates depending upon the radius of the thin plasma cylinder. With the increase in radius, phase velocity increases. The frequency of the maximally growing SPW decreases with the beam velocity. The growth rate increases with frequency, attains a maximum, and then decreases. Initially, with increase in frequency, the wave number increases, however ␣ I a remain almost constant, resulting in an increase 
